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Abstract (max 300 words)
Urban  greenspace  can  provide  many  of  the  same ecosystem services  as  more  natural  ecosystems.  For  instance,  vegetation  modifies  soil
properties,  such  as  pH and  soil  organic  matter  content,  yet  little  is  known about  its  effect  on,  e.g.  metals.  We investigated  whether  the
accumulation and mobility of heavy metals, nutrients and carbon is affected by plant functional types (evergreen or deciduous trees, lawns) in
urban parks of varying ages in southern Finland. Plant types modified soil physical-chemical parameters differently, which was associated with
diverging accumulation and mobility of many of the metals and other elements in parks soils. However, the influence of plant functional type
was dependent on park age: for example, lawns in parks of ca. 50 y old had the highest contents of Cr, Cu, Fe, Mn, Ni, and Zn, and  in these, and
older parks (<100 y old), contents of most metals were lowest under evergreen trees. The mobility of metals and other elements was influenced
by the amount of water leached through the soils. Evergreen trees in young parks and lawns in intermediately-aged parks were most permeable to
water, and as such had high loads of Ca, Cr, Cu, Fe, Ni, tot-P and tot-N. The load/concentration of elements in the leachates was not clearly
reflected by their content/concentration in the soil, thus suggesting the storage capacity of these elements in urban park soils.
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 Soils are modified by plant type and park age
 Vegetation and park age affect metal, nutrient and carbon content in the soil 
 Mobility of metals and other elements depends on plant type and park age
2 Park soils can provide a vital metal storage ecosystem service 
1. Introduction
Heavy metals occur naturally in soils and are predominantly derived from soil parent material (Longhurst et. al., 2004). Urban milieus, especially
their soils, are further enriched with heavy metals because of various anthropogenic activities, such as the combustion of fossil fuels (Wong et al.,
2006; Elless et al., 2007, Yesilonis et al., 2008). Sites close to main traffic routes are typically enriched with heavy metals originating from tire
wear particles and weathered street surfaces (Chen et al., 2005, Salonen and Korkka-Niemi, 2007; Amato et al., 2009). As metals are often rather
immobile once deposited on the soil surface, accumulation occurs in soils (Thornton, 1991, Yong et al., 1992) and can alos be detectable in plant
tissues (Jumpponen and Jones, 2010). Heavy metals can come into contact with humans as suspended dust or they may be ingested by children
and adults in playgrounds and urban parks (Ljung et al., 2006). As a result, heavy metals and their accumulation in urban environments can
adversely impact human health (Thornton, 1991; Rabito et al., 2003). Additionally, because of the high proportion of sealed surfaces, urban-
derived metals can flush away via urban runoff (Valtanen et al., 2014, 2015), causing the contamination of adjacent water bodies (Davis et al.
2001). 
Urban greenspaces provision important ecosystem services (ESS) (Wall et al., 2015). Growing evidence suggests that, besides urban
green infrastructure (i.e., plants), urban soils can provide many similar ESS as non-urban soils do (Pouyat et al., 2010; Setälä et al., 2014). For
example, urban soils store considerable amounts of carbon and nitrogen (Franzlubbers, 2002; Pouyat et al., 2010; Edmonson et al. 2014a; Setälä
et al. 2016), purify urban runoff water (Valtanen et al., 2015; Taka et al., 2017) and detoxify harmful substances (Lehman and Stahr, 2007). As
many of these beneficial ESS relate to the volume and quality of soil organic matter (SOM) (Lal, 2004; Allison, 2006), and because the quality
3and quantity of SOM is controlled by the type and quantity of local vegetation (Bardgett and Wardle, 2010), understanding the interactions
between urban vegetation and their soils is pivotal in mitigating the various adverse effects of anthropogenic contamination (Acosta et al., 2014).
However, because of recurring and continuous structural disturbance and contamination with various pollutants, the ability of urban soils to
provide ESS may be limited Even though some plants and soil organisms can mitigate the adverse effects of and even detoxify organic toxicants,
such as polyaromatic hydrocarbons or PAHs (Reid et al., 2000; Couling et al., 2010), soil biota may be less likely to directly and efficiently
reduce the harmful  effects  of non-biodegradable  elements,  such as metals.. Furthermore,  although urban vegetation  may directly  influence
pollution loads by protecting against aerial deposition onto the soil (Trammel et al., 2011; Curran-Cournane et al., 2015), little, if anything, is
known about its effects on metal accumulation within urban habitats.
Besides direct effects by some hyperaccumulator plants (see McGrath and Chao, 2003) and fungi (see Colpaert et al., 2011), the plant-soil
system can also indirectly  mitigate  the adverse  effects  of  heavy metal  contamination.  Growing evidence  suggests  that  vegetation  strongly
controls soil properties and biogeochemical processes in natural and urbanised habitats (Wardle, 2002; Bardgett and Wardle, 2010; Buol et al.,
2011; Edmonson et al., 2014b; Ossola et al., 2015). For example, soil pH, %OM and pools of C and N can be influenced not only by the quantity
(Pouyat et al., 2009; Livesley et al., 2016) but also by the quality of urban vegetation (Edmonson et al. 2014b; Setälä et al. 2016). Importantly,
because SOM content can affect trace metal concentrations in urban soils (Brown et al., 2003; Lair et al., 2007; Pouyat et al., 2010; Acosta et al.,
2014), it  is possible that,  by accumulating organic matter in the rhizosphere soils, plants can efficiently bind metals  and thus control their
mobility in the system.
Our previous studies conducted in urban parks in southern Finland, indicated that both plant functional type and park age affect soil pH,
soil OM content, concentrations of soil C and N (Setälä et al., 2016) and soil microbial community composition (Nan et al., 2017). However, the
influence of plant functional type and park age on (i) metal concentrations and (ii) their mobility in these urban greenspaces remain unknown.
Only little information is available about the role of vegetation in the mobility of heavy metals in urban soils (Acosta et al., 2014), and our
knowledge on the effects of plant functional types on heavy metal dynamics is virtually nonexistent. Similarly to vegetation, park age can also
affect the density and composition of heavy metals in urban soils. For example, Chen et al. (2005) and Guo et al. (2012) reported that old parks
have higher concentrations of Pb and Cu compared to young parks in China, while Ljung et al. (2006) found an increasing trend of an array of
4trace metals with the age of urban greenspaces in Sweden. These findings likely relate to the extended period of time old parks have been
exposed to metal contamination driven by anthropogenic activities. It is also possible that the increasing density of OM in park soils with park
age (Golubiewski, 2006; Raciti et al., 2011, Setälä et al., 2016) increases the capacity of old soils to immobilize C and nutrients (Brown et al.,
2003; Lair et al., 2007; Pouyat et al., 2010) in addition to heavy metals (see Acosta et al., 2014).
We aimed to investigate whether the potential of plant functional types (evergreen or deciduous trees and lawns) to modify soil OM
content, texture and bulk density is reflected in the accumulation and mobilisation/immobilisation of heavy metals, N, P and dissolved organic
carbon (DOC) in urban parks of varying ages. These components were studied in the soil as well as soil leachates collected with lysimeters.. We
hypothesized that (1) divergent plant functional types, each producing differently decomposable litter (Ponge, 2003; Bardgett and Wardle, 2010)
differ in their ability to (i) store and retain water, nutrients and metals in their rhizospheres and thus (ii) affect the mobility of these elements in
park soils. This is because plants producing, e.g., recalcitrant (evergreen trees) or labile (e.g. grasses and deciduous trees) litter can modify the
physical-chemical-biological characteristics of urban soils differently (Edmonson et al., 2014a,b; Liveslay et al., 2016; Setälä et al., 2016; Nan et
al., 2017). Furthermore, we predicted that (2) soils in old parks are, due to their long history of plant-soil interactions, more modified by plants
and thus differ in ability to retain water and elements from young parks. We also hypothesized that (3) young parks accumulate less and leach
relatively more heavy metals than older parks. This is because of (i) the much shorter time the former parks have been exposed to, e.g. traffic-
derived metal (except lead) deposition, and (ii) the lower %OM in young vs. old park soils (see Setälä et al., 2016). Finally, we predicted that
heavy metals are more evenly distributed among soil layers in older parks than in young parks. This is because of the longer contamination
history and potential substrate homogenisation over time in these older parks.
2. Materials and methods
2.1. Study area
5We selected 41 urban parks in the cities of Helsinki (60°10′15″N, 024°56′15″E, population size of ca. 1.4 million people) and Lahti (60°59′00″N,
25°39′20″E, population size of 102 000), and 5 additional control forests (in the proximity of Lahti) in southern Finland. Climatic and edaphic
information of Helsinki and Lahti can be found in Setälä et al. (2016). The urban parks, belonging to the Finnish LTSER-site network (Forsius et
al., 2013), represented different ages: more than 100 years old (the oldest parks were established over two centuries ago), 50 ± 10 years old and 5
- 15 years old, referred to as old, intermediate and young parks, respectively. Park managers assisted us in the selection of parks and study sites
therein, and provided the necessary background information on park construction, park management practices and the planting of trees and other
vegetation during and after park construction. We also considered three plant functional groups in these parks: individual evergreen (Picea sp.
43.3%;  Abies  sp.  20%;  Pseudotsuga menziesii 13.3%;  Pinus  sylvestris 13.3%;  Larix  sp. 10%) or  deciduous  (Tilia x  vulgaris  93%; Acer
platanoides 7%) trees and lawn (mostly Poa and Festuca species with scattered herbs such as Trifolium pratense and Plantago major).. Distance
between the two tree types was always greater than the height of the tallest tree. The age of plants within each park age class corresponded with
the age of the park, except for the young parks where trees are commonly planted as ca. 10 year old saplings at the time of park construction. The
evergreen and deciduous trees also had lawn cover within the sampled area. The ideal field design would have included 15 parks per city,
represented by five old, five intermediate and five young parks, with all three plant functional groups present. However, since some parks did not
include all three plant functional groups, we also selected parks with one or two plant functional groups present. This resulted in a total of 41
urban parks and 91 urban sampling locations with at least 10 replicates per park age and plant functional group (for more details, see Hui et al.
2017). Park sizes varied considerably, ranging from ca. 0.1 ha to several hectares, but with no systematic grouping of size with park age and plant
functional group.
The main source of heavy metals in the larger metropolitan area is traffic (Aarnio et al. 2001; K. Kähäri, Lahti City Environmental
Services, personal information).  Given the variation in park size, the proximity of soil  sampling plots (see below) to adjacent roads varied
between the parks. Furthermore, traffic intensity (not quantified in the current study) likely differs between roads close to the parks. However, the
divergent plant functional types within a park are situated at equal distance from the main road(s) and other potential polluting sources. In the
city of Lahti, parks belonging to the three age-classes were randomly distributed within the city, whereas in Helsinki the oldest parks tended to be
closer to the urban core than the intermediate and young parks. In addition to atmospheric deposition, urban park soils are also disturbed by
6trampling, mowing and raking. The parks were frequently mown but were not irrigated or commonly fertilized. Until the early 1990s, some of
the older parks in the city of Lahti were occasionally fertilized - commonly with saltpeter (N, P, K, S) with negligible amounts of heavy metals,
while some of the park lawns in Helsinki have received and still receive light refurbishment fertilization.
To compare urban parks to habitats with lesser anthropogenic influence, we chose 5 natural to semi-natural mixed forests with Norway
spruce (Picea abies L.) and forest linden (Tilia cordata L.) trees as control sites near to the city of Lahti. These forests represented “old forests”
(> 80 year old), but had no turf-grass. Consequently, the control forests were only compared to evergreen and deciduous trees (lawns excluded)
of the old parks in Lahti. 
2.2. Soil sampling and edaphic conditions
To investigate soil heavy metals, tot-P, bulk density (BD) and soil water content, soils were sampled in October 2014 (parks) and May
2015 (control forests) at the outer edge of the canopy projection (evergreen and deciduous trees) so that distance to the nearest tree trunk ranged
from 1 m (young parks with small trees) to several meters (old parks with large trees). Distance from the sampling plots and the excavated
lysimeter pits (see below) to the edge of tree planting holes, which were still recognizable in some young parks, was always > 30 cm. The lawn
soils (in parks only) were sampled at least at a distance equal to the height of the nearest tree to minimize the effect of adjacent trees and their
roots. At each sampling point, samples were collected using a steel push corer (2.54 cm diameter) to a depth of 50 cm. The soil samples were
divided vertically into 0-10, 11-20 and 21-50 cm sections and transported in a cooler to the laboratory for further analyses. A total of 270 park
soil samples (2 cities, x 3 park age classes x 3 vegetation types x 3 soil depths x 5 replicates) and 20 control forest soil samples (1 city x 1 age x 2
tree types x 2 soil depths) were analysed. Only the uppermost 0-10 cm and 11-20 cm soil layers were sampled in the rocky control forest soils
that made deeper cores impossible. Before analyses, the samples were sieved through a 2 mm mesh to remove plant litter, rocks, large particles
and roots. Soil water content was analysed by drying the soils at 105 oC for 24 h. Samples for soil bulk density (BD) analysis were collected in
the summer  of  2016 from each site  using  a  bulk density  sampling  kit  (Part  #  400.80,  AMS, Inc.,  USA) according to  the manufacturer’s
instructions. A single set of cores was collected from the approximate midpoint of each of the three depth intervals and placed into labeled plastic
7bags for storage prior to analysis. Dry weight BD was determined using standard methods for soil bulk density analysis. Percent sand, silt and
clay was determined using sieved soil from each depth interval using the Bouyoucos hydrometer method with sodium hexametaphosphate (Lot#
BCBP9072V, Sigma-Aldrich Chemie GmbH, Steinheim, Germany) as the dispersing agent.
Samples for total  metal and tot-P analyses were taken from the sieved soil material  and submitted for analysis to the University of
Helsinki’s Alma Laboratory in Lahti. The sample (typically 100 mg fresh soil) was digested with 10 ml of concentrated nitric acid in a MARS 6
microwave digestion unit (CEM Corporation P.O. Box 200 Matthews, NC 28106 United States), diluted to 2% nitric acid concentration (v/v),
and analysed with indium as the internal standard. For the analyses of soil %OM, soil tot-N, tot-C and soil pH, see Setälä et al. (2016).
2.3. Soil lysimeters
To collect water leachates from the park soils, zero-tension lysimeters (pan lysimeters) were inserted into the soil in late May 2014. These
“passive lysimeters” were constructed by cutting 30 cm long sections of 10 cm diameter PVC pipes lengthwise to form two open troughs. The
lysimeters were installed at a slight upward angle into the sidewall of an excavated 60 cm deep pit, approximately 15 cm below the surface.
During active monitoring periods (see below), 1 L plastic sampling vials were placed in containers within the pits. The pits were covered at all
times using a container lid and the turf grass plug that was removed during excavation.  Because of the rocky soils in the control forests, no
lysimeters could be installed there.
Unusually dry weather during the summer and fall of 2014 and 2015 resulted in poor sample collection success. The lysimeter vials were
checked for leachates in September 2014, but because of the minimal water yields, the vials were removed without further analyses and replaced
with new ones in late September 2014. After 1 mo incubation, the vials were collected and transported to the laboratory (first sampling event).
The soil water was lysimeterically sampled again between mid-May and mid-June 2015 (second sampling event). To counter the dry conditions
during the summer and fall of 2015, the area above the lysimeters was manually watered twice during early October and late November of 2015.
During each round, 5 L of tap water from the city of Lahti, Finland was sprayed onto the soil overlying the lysimeters over a period of 15 min,
using 10 L capacity pressurized sprayers (1st irrigation event) or a 8 L watering can (2nd irrigation). A period of active monitoring was begun
8immediately  after  the  second  irrigation  event  and  leachate  samples  from  the  soils  “primed”  with  irrigation  water  were  collected
November/December 2015 (third sampling event). In all, the first two sets of water samples were derived from precipitation whereas the last one
was derived from irrigation and some rain water. After each sampling event, lysimeter vials were placed in coolers, transported to the laboratory
and frozen (-18°C) before analyses. Prior to analyses, the sampled water was melted for the analysis of dissolved metals, nutrients and carbon.
For the analysis of water soluble metals, tot-N, NO3-N, tot-P and DOC, the leachates were filtered through a 0.45 µm syringe filter (PES). For
soluble metals and tot-P, 5 ml of the filtered sample was transferred into a test tube. Concentrated HNO 3 (50 µl, Merc Suprapur) and 50 µl of 1
mg l-1 indium solution (internal standard) were added. Metal concentrations were determined using a Perkin Elmer Elan 6000 ICP-MS according
to SFS-EN ISO 17294-2 (2005). Concentrations of DOC in the leachates were measured using the Apollo 9000hs TOC Analyser applying the
SFS-EN 1484 method, and those of tot-N using the High Performance Liquid Chromatography (HPLC) instrument with 0.04 M sodium chloride
(NaCl) as an eluent according to ISO 29441:2010.
To quantify (in mass units per surface area) the ability of park soils to retain metals and other elements that can potentially leach down in
the soil profile via rain water, we present the element data in soils as pools (g m -2) and in water leachates as loads (mg m-2). However, to make
our results comparable to studies that commonly report such data as concentrations (mg kg -1 dry soil), we also present these concentrations in the
Supplementary Material, Table S1. Due to difficulties with placing zero-tension lysimeters in the control forests with stony soils, no lysimeter
data were collected for those sites.
2.4. Statistical analyses
Generalized linear mixed effect models (GLMM) were employed to analyse our data, using the lmer function of the lme4 library in R (R
Core Team, 2016). Metal pools and other elements were transformed to normality where necessary. The soil elements (% soil moisture, bulk
density, % sand, % silt, % clay, P, Fe, Cr, Mn, Ni, Zn, Cu, Cd, Pb) were analysed as follows. Individual models included plant functional type as
a factor (evergreen trees, deciduous trees, lawn), park age as a factor (young, intermediate, old), sampling depth as a factor (0-10 cm, 11-20 cm,
21-50 cm), and their two- and three-way interactions. Park, nested in city was included as a random term to incorporate potential variation
9associated with multiple  plant functional  types per park and the sampling of two cities.  Model selection proceeded by removing predictor
variable interactions if their p-values were greater than 0.1, starting with the three-way interaction, and then the two-way interactions. Plant
functional type, park age and sampling depth were not removed (main effects), even if their p-values were greater than 0.1.
Soils of the control (natural) forests in Lahti were compared to soils under evergreen and deciduous trees in old parks in Lahti. The linear
models included vegetation type (a four level factor including natural evergreen forest, park evergreen trees, natural deciduous forest and park
deciduous trees), sample depth (a two-level factor including 0-10 cm and 11-20 cm), and their interaction. The interaction term was removed if
not significant (p-value > 0.1).
Element pools in the lysimeter leachate (water volume, P, the metals above, including Al, Co, V, As, Se, Be, tot-N, NO 3N, DOC) were
analysed as follows. Due to the large number of missing data points (no leachate in the sampling bottles), a two-step approach, analogous to
hurdle models, was used. First, we analysed the probability of occurrence of the elements in the leachate, given that there was leachate in the
sampling bottle. This is a presence-absence model, with the response following a binomial distribution. Second, if there was leachate in the
sampling bottle, we used only these samples to calculate the pools in a lognormal model. Both models, per element, followed the same structure,
including the following predictor variables;  plant functional type and park age as factors and their interaction,  % clay in the soil,  soil bulk
density, % soil moisture, soil pH, soil OM, and if available, the concentration of that particular element in the soil. The random term included
event (three sampling events per park) nested in park, nested in city. Model selection proceeded by removing insignificant terms (p > 0.1), except
for the plant functional type and park age terms, which were retained in the final models irrespective of their significance.
3. Results
3.1. Soil bulk density
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Bulk density was consistently higher under lawns irrespective of park age, and increased with park age, except under evergreen trees,
where it decreased with park age. BD increased significantly deeper into the soil in young and intermediate parks, whereas the soils in old parks
were equally dense irrespective of soil depth (Fig. 1, Table 1). Compared to control forests (mean ± SE: evergreen trees 0.83 ± 0.06; deciduous
trees = 0.83 ± 0.06), BD in old parks in Lahti was significantly higher under both evergreen (1.11 ± 0.06) and deciduous trees (1.17 ± 0.06), but
did not differ among soil depths (Supplementary Material, Fig. S1, Table S2).
3.2. Soil texture
  
At the park  level  (park plant  functional  types  and soil  depths  pooled),  soils  were mainly  loamy sand and sandy (clay)  loam soils
(Supplementary Material, Fig. S2). More specifically, samples were mainly composed of sand (ca. 68%), followed by silt (ca. 18%) and clay (ca.
13%). Plant functional type had no clear effect on soil texture, except that soils under young deciduous trees had a higher percentage of sand, and
consequently lower percentages of silt and clay. Also, % sand was lowest and % clay highest in lawns (across age categories). Soil texture
differed little between plant functional types in intermediate and old parks, and no consistent pattern existed between soil depths (Supplementary
Material, Table S2).
3.3. Soil water content
Soil moisture was higher under lawns than under evergreen and broadleaf trees. Young parks tended to be drier than intermediate and old
parks,  which indicates compaction and poor infiltration in the older parks, and top soils were significantly more moist than deeper soil layers
(Fig. 1, Table 1). Soils in the control forests in Lahti were significantly more moist (evergreen trees 31.38% ± 1.46; deciduous trees 32.64% ±
1.46) than soils under old park trees (evergreen trees 22.57% ± 1.43; deciduous trees 23.26% ± 1.43), and the top soils (0-10 cm) were more
moist than the deeper soil layers (11-20 cm (Supplementary Fig. S1, Table S2).
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3.4. Heavy metals and tot-P in the soil
Plant functional type, park age and soil depth had varying effects on the concentrations (see Supplementary Material, Table S1) and pools
of heavy metals in the park soil. Some of these elements were influenced by plant type but this effect often depended on park age. Soils under
lawn had generally higher pools of metals, often in young and particularly in intermediate parks (e.g, Cr, Mn, Ni, Fe, Zn, Cu). Pools of all metals
were low under deciduous trees in young parks, and under evergreen trees in the older parks. Otherwise, plant functional type had no consistent
effect on these elements (Fig. 1, Table 1). Concentrations of Cd were below the detection limit (2.5 mg kg-1), which translates to Cd pools below
0.25 g m-2 in the parks.
Pools of Cr, Cu, Mn, Zn, and particularly Pb were lowest in young parks, while the differences in metal pools between the two older
parks were often small (Fig. 1, Table 1). Apart from Pb, pools of trace metals were lowest under evergreen trees in intermediate and old parks
(Fig. 1). Lead (Pb) increased significantly in load as parks aged. In terms of depth: Zn, Cu and Pb pools varied little between sampling depths per
plant functional type and park age. The other metals varied more with sampling depth, often with inconsistent patterns across plant type and age.
In old parks (irrespective of plant functional type), pools of Fe, Cr, Cu, and to some degree Ni were always lowest in the deepest soil layer. 
Plant functional type affected tot-P pools in the park soils, but this effect depended on park age; tot-P was lowest under deciduous trees in
young and intermediate parks but highest in old parks. Pools of tot-P declined consistently with soil depth irrespective of plant type and park age
(Fig. 1, Table 1).
In general, metals in the soils of old urban parks (evergreen and broadleaf park soils respectively; Fe 2510 and 2945, Cr 4.01 and 5.15, Ni
2.04 and 2.44, Zn 14.67 and 17.50, Cu 3.36 and 2.83, Pb 2.68 and 2.80 g m-2) were significantly higher than in the control forests (evergreen and
broadleaf control forest soils respectively; Fe 1217 and 1252, Cr 1.85 and 1.89, Ni 1.05 and 1.00, Zn 9.57 and 10.21, Cu 0.95 and 0.91, Pb 1.57
and 1.32 g m-2). Pools and concentrations of tot-P were more than twice as high in the old parks (evergreen 168.69, deciduous 139.64 g m -2) than
in the control forest soils (evergreen 65.88, deciduous 64.28 g m-2). None of the elemental pools differed with soil depth (see  Supplementary
Material Fig S1, Table S2).
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Finally, we correlated the percentage of organic matter (%OM) and pH in the soil with elemental concentrations, since %OM is known as
a strong sorbent of heavy metals and other elements in urban soils. Correlations were generally weak, and %OM was most strongly correlated
with tot-P (r = 0.29, p < 0.001), Pb (r = 0.25, p < 0.001), Cu (r = 0.25, p < 0.001) and Zn (r = 0.17, p = 0.006). Correlations between metals and
pH were generally negative (Cr r = -0.28, p < 0.001; Mn r = -0.27, p < 0.001; Fe r = -0.25, p < 0.001; Ni r = -0.24, p < 0.001; Zn r = -0.14, p =
0.03). Concentrations of tot-P did not correlate with soil pH (see Supplementary Material Fig S2 & Table S3).
3.5. Metals, nutrients and carbon in water leachates (loads)
For purposes of brevity, we do not present results of the binomial models here (except for water volume in the sample vials). In these
models, the probability of occurrence of the element in the leachate is tested, given that the sampling bottles had leachate in them. These results
are presented in the Supplementary Material Table S4.
The amount of water leaching through the soils was low, likely because of the exceptionally dry summer and autumn of 2014 and 2015
(precipitation in Lahti and Helsinki during September - December < 150 ml in both years;  Lahti: data from the University of Helsinki, Lahti
measurement  Station;  Helsinki:  http://suja.kapsi.fi/fmi-tilastot.php?kuumoodi=true&kuukausi=09&vuosi=2015).  The  probability  that  water
leachate occurred in the sample vials varied between ca. 0.3 (deciduous trees in young parks) and 0.6 (lawn in young parks) with no consistent
difference between plant functional type or park age (Supplementary Material Fig. 2). The amount of water leachate detected in the lysimeter
vials did not differ between plant types and park ages. However, variation in the amount of water leachates between the three plant types was
larger in young and intermediate parks compared to the old parks (Fig. 2, Table 2).  Lawns in intermediate parks and evergreen trees in young
parks were particularly permeable (leaky) in terms of water volume. In the young parks, deciduous trees were least permeable (see Fig. 2).
Leaching of the water soluble fraction of heavy metals (Cd, Cr, Cu Mn, Ni, Pb, Zn) was neither consistently affected by plant functional
type nor park age (Fig. 2, Table 2). However, leaching of most of these heavy metals was high in young parks under evergreen trees, whereas
their loads were particularly low under deciduous trees in young parks. Similarly, while the loads of the two non-metals As and Se and the metals
Co, Va and Be were not clearly affected by plant type or park age, there was a clear plant functional type × park age interaction: loads were
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generally  large  under  evergreen  trees  in  young parks  and under  deciduous  trees  in  intermediate  parks,  while  the  loads  were  always  low,
irrespective of plant type, in old parks. Loads of most metals and non-metals were clearly low under lawn in the old parks.
Loads of tot-P (water soluble fraction) were affected by plant functional type but this effect was park age dependent: in young park
evergreen trees associated with the highest loads of tot-P, while in intermediate parks highest loads were detected under lawn. Leaching of tot-N
followed roughly a pattern similar to tot-P, whereas that of NO3-N showed higher leaching under intermediate lawns and old evergreen trees. In
young parks, the proportion of NO3-N of the total N was particularly low under evergreen trees, while in old parks virtually all of the N leached
under evergreen trees was in the form of NO3-N. As for DOC, plant type had little influence on its leaching, except for intermediate parks where
the loads were more than 5 times larger under lawn than under the two tree types (Fig 2, Table 2). Note that large variation existed in certain
sample localities for NO3N, tot-N and DOC.
Six soil variables (%soil moisture, %OM, %clay, soil pH, bulk density and the concentration of a given element in the soil) were included
in the GLMM models to evaluate their effect on the occurrence and load of elements in the leachate. Soil moisture – retained in 12 of the 19
lognormal models – was positively related with the volume of leached water (p = 0.018), loads of most metals (p < 0.04 – 0.096) and tot-P (p =
0.06). Loads of tot-N and NO3-N responded negatively to soil moisture. Soil organic matter (%OM) – retained in 8 models – was negatively
related to the volume of leached water (p = 0.029) and the loads of Cu, Fe, Mn, Pb, Va (p = 0.029 – 0.10). Of the nutrients, tot-N was positively
(p = 0.024) while tot-P negatively (p = 0.008) related to %OM in the soil. Soil pH – retained in 4 models - had a negative impact on the leaching
of Mg, Zn, Pb and tot-N (p < 0.01 – 0.042). The percentage of clay, bulk density and, surprisingly, the concentrations of metals and nutrients in
the soil had minor effects on the loads of elements in the leachate (Table 2).
4. Discussion
Overall, concentrations (see Supplementary Material, Table S1) of heavy metals in urban park soils were comparable to those in other 
cities in southern Finland (Kohonen and Salminen, 1993; Salminen, 1995; Salla, 1999; Salonen and Korkka-Niemi, 2007) and, from a global 
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perspective, similar to those reported for cities of similar size or even larger (see Manta et al., 2002 and references therein; Yesilonis et al., 2008; 
Acosta et al., 2014; Curran-Cournane et al., 2015; Ljung et al., 2006). As such, besides perhaps the most intensely urbanized metropolitan areas, 
our findings are generalizable over large geographic regions with urban infrastructure.
In highly urbanized sites, heavy metal pollution is assumed traffic-derived (Pouyat et al. 2010, 2015; Chen et al., 2005, 2010; Yesilonis, 
2008; Figuereido et al., 2009; Trammel et al., 2011; Zhao et al., 2016). Furthermore, Kuoppamäki et al. (2014) showed that metal concentrations 
in snow were clearly highest close to roads in the city of Lahti. As there were no major industrial plants that emit substantial amounts of heavy 
metals close to the 41 parks studied, we are confident that traffic was the major source of pollution in our study. The Pollution Index (PI) (the 
mean ratio of a heavy metal in a polluted area to that metal in a natural area) was high (PI > 3) for Cu, and moderate (1 < PI < 3) for Pb > Mn > 
Cr > Ni > Zn, indicating that all studied metals, except Fe, were enriched in urban park soils compared to background concentrations detected in 
the control forests.. These values correspond to those reported e.g. by Curran-Cournane et al. (2015) for Auckland, NZ and further suggesting 
that Lahti and Helsinki are at least moderately polluted by heavy metals originating, by and large, from traffic.
Below we discuss the influence of plant functional types and park age on pools of heavy metals and other elements and their mobility in 
park soils in southern Finland. To our knowledge, this is the first study in which heavy metal accumulation in urban soils has been tested in 
response to plant functional type per se using a thorough, replicated experimental design.
4.1. Effects of plant functional groups and park age on heavy metal and tot-P pools
We use pools (g m-2) and leached loads (mg m-2) of metals when describing metal accumulation and their mobility, respectively, in our 
park soils. This approach gives us an idea of the proportion of metals accumulated in the top soils that is potentially leachable.
Based on our previous findings (see Setälä et al., 2016) and results from other studies (Edmonson et al., 2014; Livesley et al., 2016), we
hypothesized that divergent plant functional types, should differ in terms of their ability to accumulate elements, including heavy metals, in park
soils. This assumption should particularly hold for evergreens, which produce slowly decomposable litter (Ponge, 2001; Bardgett and Wardle,
2010) and should thus gradually increase the accumulation of soil OM in urban parks (Setälä et al., 2016). Despite the clear influence of trees,
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especially evergreens, on various soil physical-chemical characteristics, such as lower soil pH and greater %OM (Setälä et al., 2016), as well as
lower soil bulk density and water content detected in this study, these effects did not consistently transfer to soil heavy metal pools. Yet, our
results indicate that, compared to lawn, pools of Cr, Mn and Ni tended to be lower under the two tree types, thus providing support to our first
hypothesis. We did, however, expect a clearer relationship between plant functional types and heavy metal pools in urban parks, given that soil
OM content is reported to not only bind metals in urban soils (Ge et al., 2000; Lair et al., 2007; Linde et al., 2007; Wong et al., 2006) but also
reduce their mobility in urban soil  profiles (Jones and Bryan, 1998; Sauve et  al.,  1998; Acousta et  al.,  2014). Indeed, we found weak but
statistically significant positive correlations between %OM and accumulation of heavy metals, especially Pb, Zn and Cu, in our park soils.   It
appears  that  the  effect  of,  e.g.  evergreens  – even though producing soils  with up to  5% units  higher  OM content  than  lawn soils  in  the
intermediate and old parks (Setälä et al., 2016) – is inadequate to drive systematic differences in soil metal pools between the three plant types.
This corroborates studies showing no relationship between %SOM and heavy metal concentrations in urban greenspaces (Manta et al. 2002;
Ljung et  al.,  2006; Salonen and Korkka-Niemi,  2007; Curran-Cournane et  al.,  2015). It  is  thus likely that  organic matter  content in urban
greenspaces is too low to efficiently sorb heavy metals. 
It is noteworthy thatmany of the metals were still sensitive to plant functional types judging by the often significant interactions between
plant type and park age. For example, lawns in intermediate parks had the highest pools of Cr, Cu, Fe, Mn, Ni, and Zn, and  in these, and older
parks, pools of metals, except Pb, proved to be lowest under evergreen trees. These findings further support our hypothesis that plant functional
types can influence metal  accumulation in urban park soils,  although the effect appears context  dependent.  A clear example of this is  the
observation that metals were systematically the lowest under deciduous trees in young parks, whereas often the lowest under evergreen trees in
intermediate and old parks. The reason for this is unclear  but may relate to  the high sand and low clay content, possibly due to management
practices during planting. It is well known that soil mineral properties are important in defining contamination patterns in urban soils (Ljung et
al., 2006; Norra et al., 2006; Pouyat et al., 2010). However, in the older parks typified by sandy loam and loamy sand soil, no correlation between
soil texture and plant type was observed. 
Because of more extended history of plant-soil interactions in the older parks, we hypothesized that their soils would be modified more 
than those in young parks and that these effects would be reflected in the retention of e.g. metals in the soil. Furthermore, we expected that young
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parks would accumulate less heavy metals than the older parks due to the much shorter time the former have been exposed to anthropogenic 
metal deposition. Indeed, metals in urban soils do increase with time (e.g., Chen et al., 2005; Guo et al., 2012; Pouyat et al., 2015; Wu et al., 
2015), possibly because metals are immobile in the soil and may remain for extended periods of time (Ljung et al. 2006; Jumpponen and Jones, 
2010). Our results corroborate these findings and support our hypothesis, i.e., pools of Cu Mn, Pb and Zn were, irrespective of plant type, lowest 
in young parks, while differences between the older parks were often small. It is likely that the low metal densities in young parks in our study 
are due to the short accumulation time of metals rather than divergent soil properties among parks of different ages. This is particularly evident 
for Pb; soil pools were, on average, 3 times higher in old than young parks, which is likely because of the removal of lead from gasoline for over 
20 years ago in Finland. However, accumulation time cannot explain the similar pool sizes of Fe, Cr, Mn, Ni and Zn in the young and old parks 
in our study. 
Finally, we hypothesized that,. in young parks, metals deposited on the soil surface would not have had enough time to leach to the deeper
soil layers, thus resulting in more pronounced differences in metal loads at different soil depths. Surprisingly, however, we often found the 
opposite, particularly in young parks where higher pools were observed in the deepest soil layer (e.g., Fe, Cr, Ni, Pb). This suggests that deeper 
soil layers in young parks were not removed during park construction, and that the new top soil had not been exposed to deposits. Furthermore, it
actually seems that the top soil layers in old parks accumulate more metals (e.g., Fe, Cr, Ni, Cu), which can be attributable to high accumulation 
and low mobilization of these and other heavy metals. Metals can move from soil surface into deeper soil layers in urban systems (Pouyat and 
McDonnell, 1991), but their concentrations are reduced (Turer et al., 2001; Pouyat and McDonnell, 1991) or not affected by soil depth (Yesilonis
et al., 2008; Curran-Cournane et al., 2015). The often high density of urban soils due to trampling etc. can reduce infiltration of water, which 
reduces metal transport with water as well as metal absorption capacity (Tossavainen and Forsberg, 1999). 
Overall, our results imply that plant functional types can, via modifying soils, influence the accumulation of metals in park soils, but this
effect appears to depend on park age. However, this does not necessary imply that the ability of plant functional types to mobilize, e.g. heavy
metals in their rhizospheres is insignificant. Next we explore the leachability of metals and nutrients in the park soils. 
4.2. Effects of plant functional groups and park age on heavy metal mobilisation
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We hypothesised that the mobility (defined as the amount of water leachates entering the lysimeter vials) of metals and nutrient  in park 
soils is also influenced by plant functional type and park age. However, our results provide little evidence that plant type and park age had 
consistent effects on the leachability of elements in the park soils. This is consistent with the lack of clear, overall impacts of plant types and park
age on metal accumulation (pools) in our park soils. However, as with pools, plant type appeared to control element mobility in some cases, but 
this effect depended on park age. Importantly, when plant functional types affected the mobility of elements, this effect correlated with the 
mobility of water in the soils, emphasizing the crucial role of water as a carrier. In essence, when the mobility of water in the soils responded to 
plant type and park age . the mobility of metals responded in the same way. For example, the high leakage of water in soils under evergreen trees 
in young parks was associated with high loads of virtually all metals and nutrients. Similarly, the high mobility of water under lawns in 
intermediate parks resulted in high loads for Fe, Cr, Cd, Cu, Ni, N-forms, tot-P and DOC. Furthermore, the low mobility of water in the young 
park deciduous tree rhizospheres – compared to the other plant types in young parks – associated with the low mobility of practically all metals.  
These results imply that plant functional types controlled, at least to some extent, the leachability of water and thus the mobility of various metals
in young and intermediate parks, but not in old parks. In old parks the amount of water that leached through the uppermost 15 cm soil layer was 
surprisingly even between the three plant types; however, most metals tended to be more mobile in evergreen soils compared to deciduous and 
lawn soils, possibly due to  Although soil pH is one of the factors affecting the mobility of metals and other elements in the soil (Puls et al. 1991; 
Yoo and James 2002; Wong et al. 2007),  the rather high pH (from 6 to 6.8 in all studied soils; Setälä et al., 2016) unlikely posed a significant 
influence on the mobility of metals in our parks soils (see Kennette et al., 2002; Wong et al., 2006).
We found evidence that some soil variables correlate with the mobility of water and elements in the parks soils. For example, soil 
moisture was the most important variable, being positively related to the mobility of water, most metals and tot-P. Given the importance of water 
as a carrier of metals in soils (Tossavainen and Forsberg, 1999), and the importance of water in affecting metals and some other elements in 
young and intermediate parks in the current study, it is not surprising that soil water content associated with the mobility of the selected elements.
Similarly, soil organic matter content can influence the mobility of water and various elements in the soils, but unlike soil moisture, the effect 
should be negative (Jones and Bryan, 1998; Acosta et al., 2014). Indeed, we found that the leaching of water and some metals (Cu, Fe, Mn, Pb, 
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Va) were slightly and negatively correlated with %OM in the soils. This is in accordance with the observed weak but positive correlation 
between soil OM content and soil metal pools (see above). However, the low correlations associated with soil moisture and organic matter 
content with the mobility of, e.g. heavy metals – the response of which appears to be metal-dependent – preclude broader generalizations of our 
results. It appears, thus, that these stressed anthropogenic systems experience altered ecosystem processes, as suggested by recent findings 
reporting the lack of correlation between heavy metal accumulation and soil organic matter content (Manta et al. 2002; Ljung et al., 2006; 
Salonen and Korkka-Niemi, 2007; Curran-Cournane et al, 2015) and soil pH (Manta et al., 2002; Wong et al., 2007).
Perhaps the most surprising result of our study was the minimal, if not completely lacking, influence of soil metal content on metal
mobilisation. Even the unnaturally acute irrigation procedure at the end of the study seemed unable to flush metals or other elements (results for
the separate rain events/irrigations not shown) from the system. Compared to the amount (pools, calculated per m -2) of metals detected in the
uppermost 20 cm soils, the proportion mobilized (m-2) from that layer was very low, being ≤ 0.01%. This suggests that, despite the low clay (13%
across the soils) and OM (9.1%) percentages, metals are strongly bound in urban park soils in southern Finland. It is possible that the extensive
grass root layer under lawns, present in all studied parks under each plant type, effectively prevents metal leaching deeper in the soil profile (see
Acousta et al., 2014). Interestingly, the mobility of Va, As, Se and Be in the intermediate parks was not, in strong contrast to other metals and
nutrients, responsive to the substantial amount of water leached through the lawn soils.  The reason for this unexpected observation remains
unclear.  
Unlike metals, nutrients and soluble forms of C (such as DOC) are rather mobile in soils (Antoniadis and Alloway, 2002; McCracken et
al., 2002) and expected to be more responsive to environmental variables in our study. Indeed, loads of DOC and NO3-N in the leachate – in
contrast to any of the metals – were positively correlated with their soil pools. Similarly, load of DOC and tot-N, as well as tot-P, tended to be
affected by soil bulk density, further suggesting that soil properties control nutrient and C flows in park soils. In addition, it appears that park
(and tree) age controls N dynamics; virtually all of the N leached under evergreen trees in old parks was in the form of NO3-N while in the young
parks, practically all N in the leachates was tot-N. However, in the two older parks the mobility of tot-N and tot-P, as well as NO3-N followed
the same pattern observed for most of the heavy metals, suggesting that the vertical water flow was the most influential factor controlling their
mobility in the uppermost 15 cm soil profile.
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5. Conclusions
Our study highlights the accumulation of metals in urban park soils. Although the direct effects of the plant functional types appear rather 
minimal, we posit that their direct control of the soil organic matter and pH are important drivers for the observed metal pool sizes and stocks. 
Further, our data strongly suggest that the most important factor affecting element mobility in urban parks is the amount of water leached through
the soils. That soil moisture was the strongest soil parameter affecting element loads in the lysimeter vials supports this conclusion. Importantly, 
water volume was almost significantly affected by plant traits suggesting that plant functional types have the potential to affect not only nutrient 
but also metal mobility in park soils.  In summary, results show that urban parks soils have the potential to store e.g. metals and thus provide an 
important ecosystem service in polluted urbanized settings. 
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Figure, Table and Supplementary Material legends
Figure 1. The effects of plant functional type and park age on soil properties and pools (g m-2) of heavy metals and tot-P. Predicted mean ± SE 
values are presented.
Figure 2. The effects of plant functional type and park age on the volume of water leached through the soils (ml) and loads (mg m-2) of heavy 
metals, dissolved organic carbon (DOC), tot-N and tot-P. Predicted mean ± SE values are presented.
Table 1. GLMM results, testing the effects of plant functional type (evergreen trees, deciduous trees, lawns), park age (young, intermediate, old), 
soil depth (0–10, 11–20, and 21–50cm) and their two-way and three-way interactions of various soil properties and elements. Coefficients (SE) 
and p-values are presented. Significant effects (p < 0.1) are highlighted in bold. The evergreen tree functional group, young age park, and shallow soil depth
treatment levels are in the intercept. Significant interaction terms are indicated with an asterisk.
Table 2. GLMM results (log-normal models), testing the effects of plant functional type, park age, their interaction and % clay, bulk density 
(Bulk Dens), % soil moisture (% Moist), pH, % organic matter (%OM), concentration of that element in the soil ([] in soil) on various elements 
in the lysimeter leachate. Coefficients, standard errors (in brackets) and p-values are presented. Significant p-value ≤ 0.1 are indicated in bold. 
Evergreen trees in young parks are in the intercept.
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Supplementary Material, Fig. S1. Plots presenting the responses of bulk density, soil texture, % soil moisture, soil metals and tot-P to plant 
functional type, park age and depth.
Supplementary Material, Fig. S2. Plots presenting the responses of bulk density, % soil moisture, soil metals and tot-P to plant functional type 
(evergreen and broadleaf trees) between old Lahti parks and control forests. Abbreviations: E = evergreen, B = broadleaf, control = control 
forests, park = park sites.
Supplementary Material, Fig. S3. Correlations between SOM and the concentrations of various soil elements (top figures), and pH and the 
concentrations of various soil elements (bottom figures).
Supplementary Material, Table S1. Concentrations of elements (mg/kg dw) in the park and control soils. Mean values and standard errors (SE) 
are presented.
Supplementary Material, Table S2. Linear model results, testing the effects of vegetation type (a four-level factor including natural evergreen 
forest [in the intercept], park evergreen trees [treatcon.park], natural deciduous forest [treatlin.con] and park deciduous trees [treatlin.park]), 
sample depth (a two-level factor including 0-10 cm [in the intercept] and 11-20 cm [depth.F2]), and their interaction. The interaction term was 
removed if non-significant (p-value > 0.1). Two analyses were performed per element (except Bulk Density and % Soil moisture), one on 
elemental concentration in the soil, and one on pools in the soil.
Supplementary Material, Table S3. GLMM results (binomial models), testing the effects of plant functional type, park age, their interaction and 
% clay, bulk density (Bulk Dens), % soil moisture (% Moist), pH, % organic matter (%OM), concentration of that element in the soil ([] in soil) 
on various elements in the lysimeter leachate. Coefficients, standard errors (in brackets) and p-values are presented. Significant p-value ≤ 0.1 are 
28
indicated in bold. Evergreen trees in young parks are in the intercept. Some elements produced the same results since they were present/absent in
the exact same leachate samples.
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Supplementary Material, Table S3. GLMM results (binomial models), testing the effects of plant functional type, park age, their interaction and 
% clay, bulk density (Bulk Dens), % soil moisture (% Moist), pH, % organic matter (%OM), concentration of that element in the soil (Cons in 
soil) on various elements in the lysimeter leachate. Coefficients, standard errors (in brackets) and p-values are presented. Significant p-value ≤ 
0.1 are indicated in bold. Evergreen trees in young parks are in the intercept. Some elements produced the same results since they were 
present/absent in the exact same leachate samples.
Int* Decid Lawn Interm Old Clay Bulk 
Dens
% Moist pH OM Conc in 
soil




























































































































































































































































































































































Table 1. GLMM results, testing the effects of plant functional type (evergreen trees, deciduous trees, lawns), park age (young, intermediate, old), 
soil depth (0–10, 11–20, and 21–50cm) and their two-way and three-way interactions of various soil properties and elements. Coefficients (SE) 
and p-values are presented. Significant effects (p < 0.1) are highlighted in bold. The evergreen tree functional group, young age park, and 
shallow soil depth treatment levels are in the intercept. Significant interaction terms are indicated with an asterisk.











































































































































































































































































































All metals were ln-transformed prior to analysis.
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Table 2. GLMM results (log-normal models), testing the effects of plant functional type, park age, their interaction and % clay, bulk density 
(Bulk Dens), % soil moisture (% Moist), pH, % organic matter (%OM), concentration of that element in the soil ([] in soil) on various elements 
in the lysimeter leachate. Coefficients, standard errors (in brackets) and p-values are presented. Significant p-value ≤ 0.1 are indicated in bold. 
Evergreen trees in young parks are in the intercept.
Int* Decid Lawn Interm Old Clay Bulk 
Dens





















































































































































































































































































































































































































































































































































































































* Abbreviations: Int = Model intercept, Decid or D = deciduous trees, Interm or I = intermediately aged parks, L = lawn, O = old parks.
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